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TRANSISTOR IN THE SUBSTRATE ON OPPOSING SIDES
OF THE LOW-PROFILE TRANSISTOR GATE

FORM A METAL LAYER OVERLYING AND IN
ELECTRICAL CONTACT WITH THE LOW-PROFILE
TRANSISTOR GATE

FORM A STACK OF LAYERS COMPRISING A FIRST
METAL LAYER, A SET OF SWITCHING DEVICE LAYERS,
A DIELECTRIC LAYER AND A SECOND METAL LAYER,
OVERLYING AND IN ELECTRICAL CONTACT WITH THE
LOW-PROFILE TRANSISTOR GATE

} 1814

ETCH THE STACK OF LAYERS TO FORM A FIRST
CAPACITOR FROM THE SECOND METAL LAYER AND
DIELECTRIC LAYER; A VOLATILE RESISTIVE
SWITCHING DEVICE FROM THE SWITCHING DEVICE
LAYERS, AND A CONDUCTIVE CONTACT TO THE LOW-
PROFILE TRANSISTOR GATE

v

END J

FIG. 18
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PROVIDING A SUBSTRATE FOR A MEMORY DEVICE

‘ 1904

FORMING A TRANSISTOR AT LEAST IN PART WITHIN
THE SUBSTRATE HAVING A TRANSISTOR GATE

; /»—1906
FORMING A METAL INTERCONNECT IN ELECTRICAL
CONTACT WITH THE TRANSISTOR GATE

} /_1903

FORMING A VOLATILE, TWO-TERMINAL SWITCHING
DEVICE COMPRISING A FIRST CONDUCTIVE TERMINAL
IN ELECTRICAL CONTACT WITH THE METAL
INTERCONNECT, A VOLATILE RESISTIVE-SWITCHING
SELECTOR LAYER OVERLYING THE FIRST
CONDUCTIVE TERMINAL, AND A SECOND
CONDUCTIVE TERMINAL OVERLYING THE VOLATILE
RESISTIVE-SWITCHING SELECTOR LAYER

* 1910

FORMING A CAPACITOR HAVING A FIRST TERMINAL
ELECTRICALLY CONNECTED TO THE SECOND
CONDUCTIVE TERMINAL OF THE VOLATILE, TWO-
TERMINAL SWITCHING DEVICE AND A SECOND
TERMINAL CONFIGURED TO RECEIVE AN INPUT
SIGNAL

FIG. 19
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HIGH DENSITY SELECTOR-BASED NON
VOLATILE MEMORY CELL AND
FABRICATION

REFERENCE TO RELATED APPLICATIONS

The present application for patent 1s a continuation-in-part
of U.S. patent application Ser. No. 14/717,185 entitled
“NON-VOLATILE MEMORY CELL UTILIZING VOLA-
TILE SWITCHING TWO TERMINAL DEVICE AND A
MOS TRANSISTOR” and filed May 20, 2015, which claims
the benefit of U.S. Provisional Patent Application Ser. No.
62/022,594 entitled “NON-VOLATILE MEMORY CELL
UTILIZING VOLATILE SWITCHING TWO TERMINAL
DEVICE AND A MOS TRANSISTOR” and filed Jul. 9,
2014, and 1s a continuation-in-part of U.S. patent application
Ser. No. 14/726,071 entitled “RECESSED HIGH VOLI-
AGE METAL OXIDE SEMICONDUCTOR TRANSIS-
TOR FOR RRAM CELL” and filed May 29, 2013, the
disclosures of which are incorporated herein by reference 1n
their respective entireties and for all purposes. The present
application for patent 1s related to U.S. Non-Provisional
patent application Ser. No. 14/588,185, entitled “Selector
Device for Two-Terminal Memory™ and filed Dec. 31, 2014,
the entirety of which 1s incorporated by reference herein for

all purposes. U.S. Non-Provisional application Ser. No.
11/875,541 filed Oct. 19, 2007 and application Ser. No.

12/575,921 filed Oct. 8, 2009, are also incorporated by
reference herein in their respective entireties and for all
pUrposes.

TECHNICAL FIELD

The subject disclosure relates generally to non-volatile
memory, and as one illustrative example, a non-volatile
memory cell utilizing a volatile resistive switching device
and MOS ftransistor.

BACKGROUND

The mventor(s) of the present disclosure have proposed
models of two-terminal memory devices that he expects to
operate as viable alternatives to various memory cell tech-
nologies, such as metal-oxide semiconductor (MOS) type
memory cells employed for electronic storage of digital
information. Models of memory cells using two-terminal
memory such as resistive-switching memory devices among,
others, are believed by the inventor(s) to provide some
potential advantages over purely non-volatile FLASH MOS
type transistors, including smaller die size, higher memory
density, faster switching (e.g., from a relatively conductive
state to a relatively non-conductive state, or vice versa),
good data reliability, low manufacturing cost, fabrication-
compatible processes, and other advantages, for example.

SUMMARY

The following presents a simplified summary of the
specification 1 order to provide a basic understanding of
some aspects of the specification. This summary 1s not an
extensive overview of the specification. It 1s intended to
neither 1dentity key or critical elements of the specification
nor delineate the scope of any particular embodiments of the
specification, or any scope of the claims. Its purpose 1s to
present some concepts of the specification 1 a simplified
form as a prelude to the more detailed description that i1s
presented 1n this disclosure.
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The subject disclosure, 1n various embodiments thereof,
provides a high-speed non-volatile memory structure, com-
prising a volatile resistive switching device and a metal
oxide semiconductor (MOS) ftransistor. In particular
embodiments, the memory structure can be fabricated with
a low profile gate structure for the MOS transistor, facili-
tating high memory densities of the non-volatile memory
structure 1n an array of such structures. Further embodi-
ments disclose a process for fabricating at least a subset of
disclosed non-volatile memory structures.

In one or more embodiments, the subject disclosure
provides a method for fabricating a memory device. The
method can comprise providing a substrate for the memory
device and forming a transistor at least in part within the
substrate having a transistor gate. Further, the method can
comprise forming a metal interconnect 1n electrical contact
with the transistor gate and forming a volatile, two-terminal
switching device comprising a first conductive terminal 1n
electrical contact with the metal interconnect, a volatile
resistive-switching selector layer overlying the first conduc-
tive terminal, and a second conductive terminal overlying
the volatile resistive-switching selector layer. In addition to
the foregoing, the method can comprise forming a capacitor
having a first terminal electrically connected to the second
conductive terminal of the volatile, two-terminal switching
device and a second terminal configured to receive an mput
signal.

In further embodiments, the present disclosure provides a
memory device comprising a transistor formed at least in
part within a dielectric layer or substrate of a memory
structure, the transistor having a gate with a width less than
about 100 nanometers (nm). The memory device can further
comprise a volatile selector device comprising a first metal
contact, a volatile switching layer and a second metal
contact, wherein the first metal contact 1s 1n electrical
contact with the gate of the transistor. Additionally, the
memory device can comprise a capacitor structure having a
first terminal 1n electrical contact with the second metal
contact of the volatile selector device and a second terminal
in electrical contact with a signal 1nput.

The following description and the drawings set forth
certain 1llustrative aspects of the specification. These aspects
are 1indicative, however, of but a few of the various ways 1n
which the principles of the specification may be employed.
Other advantages and novel features of the specification will
become apparent from the following detailed description of

the specification when considered in conjunction with the
drawings.

BRIEF DESCRIPTION OF THE

DRAWINGS

Various aspects or features of this disclosure are described
with reference to the drawings, wherein like reference
numerals are used to refer to like elements throughout. In
this specification, numerous specific details are set forth in
order to provide a thorough understanding of this disclosure.
It should be understood, however, that certain aspects of the
subject disclosure may be practiced without these specific
details, or with other methods, components, materials, etc.
In other instances, well-known structures and devices are
shown 1n block diagram form to facilitate describing the
subject disclosure;

FIG. 1 1illustrates a schematic diagram of an example
non-volatile memory cell with a volatile element and
improved cell density, 1n various embodiments;
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FIGS. 2 and 2A illustrate example block diagram and
current-voltage response, respectively, for the example non-

volatile cell, i1n one or more embodiments;

FIGS. 3 and 3 A 1llustrate example graphs showing charge
accumulation 1n the non-volatile memory cell and operation
of the volatile element;

FIG. 4 illustrates a diagram of an example non-volatile
memory cell in further embodiments;

FIG. § illustrates a diagram of a sample non-volatile
memory cell 1n another embodiment(s);

FIG. 6 illustrates a diagram of an example deep transistor
well for a non-volatile memory cell according to various
embodiments;

FIG. 7 illustrates a diagram of an example well liner for
the deep transistor well 1n a further embodiment;

FIG. 8 1llustrates a diagram of a sample gate fabrication
for the non-volatile memory cell;

FIG. 9 illustrates a diagram of an example pattern and
etch step for a transistor of the non-volatile memory cell, 1n
one or more embodiments;

FIG. 10 depicts a diagram of an example gate etch for a
transistor of the non-volatile memory cell;

FIG. 11 depicts a diagram of an example source and drain
preparation for the transistor of the non-volatile memory
cell;

FIGS. 12 and 13 1llustrate diagrams of example barrier or
spacer materials for the non-volatile memory cell;

FIGS. 14 and 15 depict diagrams of an example sequence
of layers for a volatile element and metal 1interconnects for
the non-volatile cell;

FIGS. 16 and 17 illustrate diagrams of an example etched
stack of the sequence of layers and surrounding electrical
insulation for the non-volatile memory cell;

FIG. 18 depicts a flowchart of a sample method for
fabricating a high density selector-based non-volatile
memory cell, 1n one or more embodiments;

FIG. 19 illustrates a flowchart of an example method for
fabricating a high density selector-based non-volatile
memory according to further embodiments;

FIG. 20 depicts a block diagram of a sample operating
environment for facilitating implementation of one or more
aspects disclosed herein;

FIG. 21 illustrates a block diagram of an example com-

puting environment that can be implemented in conjunction
with various embodiments.

DETAILED DESCRIPTION

This disclosure relates to a non-volatile memory device
comprising one or more volatile elements. In some embodi-
ments, the non-volatile memory device can include a resis-
tive two-terminal selector device that can be 1 a low
resistive state or a high resistive state 1n response to respec-
tive voltages, or respective ranges of voltages, applied to the
resistive two-terminal selector device. The selector device
can be a volatile switching device with multiple thresholds
(or narrow threshold ranges) (e.g., a positive threshold and
a negative threshold). In various embodiments, the selector
device 1s a resistive switching device, or a field induced
superlinear threshold (FAST™) switching device (or selec-
tor device) under development by the assignee of the present
invention. In addition to the resistive two-terminal selector
device, the non-volatile memory device can include a
capacitor structure and a MOS (“metal-oxide-semiconduc-
tor”) transistor (which can act or operate as an additional
capacitor, 1n at least some disclosed embodiments). A first
terminal of the capacitor can be coupled to a voltage source,

10

15

20

25

30

35

40

45

50

55

60

65

4

and the second terminal of the capacitor can be coupled to
a first selector terminal of the selector device. In one or more
embodiments, the MOS transistor can be an NMOS transis-
tor comprising a floating gate connected to a second selector
terminal of the selector device. Flectrical conductivity
between a source and drain of the NMOS fransistor i1s
modulated by a charge magnitude stored on the MOS
transistor gate which i1s floating (e.g., typically not con-
nected to a power source) during read operation. In one or
more additional embodiments a second NMOS transistor
can be provided having a source or drain connected 1n series
with the source/drain of the first NMOS transistor.

In various embodiments, a disclosed volatile selector
device can be a filamentary-based device. One example of a
filamentary-based device can comprise: a first conductive
layer, e.g., metal bearing layer (e.g. TiN, TaN, Cu, Al, Ag, or
alloy thereot, etc.), doped p-type (or n-type) silicon (S1)
bearing layer (e.g., p-type or n-type polysilicon, p-type or
n-type polycrystalline SiGe, etc.); a resistive switching layer
(RSL); and a second conductive layer (e.g. a material
selected from the list described for the first conductive
layer). Under suitable bias conditions, conductive 1ons form
within the first conductive layer, and the first conductive
layer provides conductive 1ons to the RSL. In various
embodiments, a bias may be an applied voltage exceeding a
magnitude of a threshold voltage (e.g. an applied voltage
exceeding a positive threshold voltage). In various embodi-
ments, the conductive 1ons become neutral metal particles
below the magnitude of the threshold voltage (e.g., at a
lower voltage magnitude) and form a conductive filament
within the RSL that can facilitate electrical conductivity
through at least a subset of the RSL. In some embodiments,
the resistance of the filament-based device can then be
determined by a tunneling resistance between the filament
and the second conductive layer (or by an inherent resistivity
ol a conductive short through the RSL (e.g., formed by the
metal particles forming the filament within the RSL)).

In the absence of the bias, the conductive filament can at
least 1n part deform, breaking electrical continuity of the
conductive filament. This can result from a surface energy of
the metal partlcles exceeding stabilizing influences keeping
the particles 1n place (e.g., surface tension of surrounding
molecules, voids/defects/trapping sites within the RSL, an
ionizing electric field, etc.) resultmg in particle diffusion
within the RSL. This particle diffusion can then break the
continuity of the conductive filament, restoring the RSL to
an intrinsic high resistance state.

According to further embodiments, the second conductive
layer can also comprise neutral metal particles capable of
being 1onized. In such embodiments, the second conductive
layer can form metal 10ns and provide the metal 10ns to the
RSL 1n response to a second suitable bias condition(s). In
vartous embodiments, a bias may be an applied voltage
exceeding a magnitude of a threshold voltage (e.g. an
applied voltage less than a negative threshold voltage).
Under suitable conditions, conductive 1ons are formed
within the second conductive layer and depending upon bias
conditions, the second conductive layer provides conductive
1ons to the RSL. In such embodiments, the conductive 1ons
form neutral metal particles, below the bias, and form a
conductive filament within the RSL that can facilitate elec-
trical conductivity through at least a subset of the RSL. The
resistance of the filament-based device can then be deter-
mined by a tunneling resistance between the filament and the
first conductive layer (or by an inherent resistivity of a
conductive short through the RSL (e.g., formed by the 10ns
forming the filament within the RSL)).
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In various embodiments, 1f an applied voltage 1s about
zero, e.g. ground, conductive filaments are not appreciably
formed within the RSL. Accordingly, the resistance of the
RSL layer 1s substantially higher than when the above
embodiments are under the bias conditions described above.

A RSL (which can also be referred to in the art as a
resistive switching media (RSM)) can comprise, €.g., an
undoped amorphous Si layer, a semiconductor layer having,
intrinsic characteristics, a S1 sub-oxide (e.g., S10x wherein
X has a non-zero value less than 2), and so forth. Other
examples of materials suitable for the RSL could include
S1.Ge, 0., (where X, Y and Z are respective suitable positive
numbers), a silicon oxide (e.g., S10,, where N 1s a suitable
positive number), amorphous Si (a-S1), amorphous Si1Ge
(a-S1Ge), TaO, (where B 1s a suitable positive number),
H1O . (where C 1s a suitable positive number), T10,, (where
D 1s a swtable number), Al,O. (where E 1s a suitable
positive number), a non-stoichiometric silicon-bearing
material, a non-stoichiometric metal oxide, and so forth, or
a suitable combination thereof. In various embodiments, the
RSL includes few or a low number of material voids or
defects which can trap conductive particles; accordingly, 1n
some embodiments, the conductive particles have relatively
good diffusive or drift mobility within the RSL, or can
quickly form a very narrow continuous filament in response
to a suitable threshold bias, or a combination of the fore-
ogoing.

In various disclosed embodiments, filamentary-based
switching devices are disclosed and their operation 1s
described. In some embodiments, a {filamentary-based
switching device can be a volatile switching device, which
exhibits a first measurably distinct state in the absence of a
suitable external stimulus (or stimuli1), and exhibits a second
measurably distinct state in response to the suitable external
stimulus (or stimuli1). The volatile filamentary-based switch-
ing device 1s often referred to herein as a selector device, or
selection device, filamentary selector device, filamentary-
based selector device, and so on; though such devices, their
composition or application should not be limited by this
terminology. In various embodiments, a filamentary selector
device 1s provided 1n a circuit to facilitate formation of a
non-volatile memory cell, having very fast performance. In
some embodiments, the non-volatile memory cell can have
a read performance less than 20 nanoseconds (ns), less than
10 nanoseconds, or between 1 ns and 35 ns, 1in various
embodiments. In various embodiments, a selector device
developed by the assignee of the present invention, under the
trademarks Field Assisted Superliner Threshold™ or
FAST™  is utilized.

A filamentary selector device according to various dis-
closed embodiments can exhibit a first state (e.g., a {first
electrical resistance, or other suitable measurable character-
istic) 1n the absence of a suitable external stimulus (or
stimuli). The stimulus (or stimuli) can have a threshold value
or range of such values that induces the filamentary selector
device to change from the first state to a second state while
the stimulus 1s applied. In response to the stimulus falling
below the threshold value (or outside of the threshold range
of values) the filamentary selector device returns to the first
state. In some disclosed embodiments, a filamentary based
selector device can operate in a bipolar fashion, behaving
differently 1n response to diflerent polarity (or direction,
energy tlow, energy source orientation, etc.) external stimuli.
As an 1llustrative example, 1n response to a first polarity
stimulus exceeding a first threshold voltage (or set of
voltages), the filamentary selector device can change to the
second state from the first state. Moreover, 1n response to a
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second polarity stimulus exceeding a second threshold volt-
age(s), the filamentary selector device can change to a third
state from the first state. In some embodiments, the third
state can be substantially the same as the first state, having
the same or similar measurably distinct characteristic (e.g.,
clectrical conductivity, and so forth), or switching 1n
response to the same or similar magnitude of threshold
stimulus, or range thereof, (though of opposite polarity or
direction), or the like. In other embodiments, the third state
can be distinct from the second state, either 1n terms of the
measurable characteristic (e.g., different reverse electrical
conductivity value in response to the reverse polarity as
compared to a forward electrical conductivity value 1n
response to the forward polarity) or in terms of threshold
stimulus associated with transitioning out of the first state
(e.g., a different magnitude of positive voltage required to
transition to the second state, compared to a magnitude of
negative voltage required to transition to the third state).

In other embodiments, the selector device may be a
unmipolar device, having a single threshold voltage. When an
applied voltage, at least between ground and the threshold
voltage 1s applied, the selector device has a high character-
istic resistance. Further, when the applied voltage has a
magnitude greater than the threshold voltage (e.g. more
positive than a positive threshold voltage, or more negative
than a negative threshold voltage), the selector device has a
low characteristic resistance. In some embodiments, two
umpolar devices may be placed in parallel, with opposite
polarity. It 1s expected that such a configuration of unipolar
devices would provide a characteristic response similar to
the bipolar selector device, described above.

As stated above, a disclosed filamentary based selector
device can form a conductive path or filament through a
relatively high resistive portion 1n response to a suitable
external stimulus (or range of stimulus). The external stimu-
lus (or stimuli) can cause metallic particles within a terminal
of the selector device (e.g., active metal layer terminal,
conductive layer terminal, etc.) to migrate within (or 1onize
within) a RSL layer of the filamentary selector device.
Further, the RSL can be seclected to have relatively few
physical defect locations for the volatile filamentary switch-
ing device, facilitating relatively good mobility of the metal-
lic particles within the RSL, formation of a very narrow
(e.g., only a few particles wide, or less) conductive filament,
or the like, or a combination of the foregoing. Accordingly,
with respect to a forward direction and positive polarity
stimulus, below an associated positive threshold stimulus (or
narrow range ol positive threshold values), the metallic
particles can disperse within the RSL, resisting or avoiding
formation of a sutlicient conductive path through the RSL to
lower a high resistance associated with the first state. Above
the threshold, the external stimulus maintains the metallic
particles 1n suflicient formation to provide the conductive
path, leading to relatively low resistance of the second state.
An analogous mechanism can control operation of the third
state (1n a reverse direction and reverse polarity stimulus) 1n
the bipolar context.

Overview

The volatile element of disclosed non-volatile memory
cells, the selector device, can have a low resistance state and
a high resistance state based on the voltage being applied by
the voltage source to the first terminal of the capacitor.
Between a range ol deactivation voltages (e.g., from a
negative threshold voltage to a positive threshold voltage, or
other suitable positive range, negative range, or range span-
ning positive and negative voltages) the resistance can be
very high, whereas outside the range of deactivation volt-
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ages, the resistance can be much lower, facilitating current
flow (and charge transier) across the selector device. As a
magnitude of voltage across the selector device, starting
within the range of deactivation voltages, 1s increased (e.g.,
increasing with time), charge first accumulates very slowly
on the gate of the MOS ftransistor connected to a second
terminal of the selector device. Once the magmtude of the
voltage leaves the range of deactivation voltages and
exceeds a first threshold voltage (e.g., a positive threshold,

or a narrow range of positive threshold voltages), the selec-
tor device enters the low resistance state and conducts
current to the gate of the MOS transistor, enabling charge to
accumulate much more quickly on the gate of the MOS
transistor. As the voltage decreases below the positive
threshold (or narrow range of positive threshold voltages),
the selector device enters the high resistance state and
becomes non-conductive. The non-conductivity of the selec-
tor device serves to trap charge that accumulated at the gate
of the MOS ftransistor, as stated above. When the voltage
source returns to zero, the charge trapped at the gate of the
MOS ftransistor can still remain, resulting 1n a measurable
potential difference greater than zero (e.g., about 0.5 volts,
about 0.75 volts, about 1 volt, or any other suitable voltage
measurably distinct from zero). This trapped measurable
charge can cause the MOS transistor to be 1n a second state,
different from a first state 1n which less charge 1s trapped at
the gate of the MOS ftransistor. The two states of the MOS
transistor provide a bit of non-volatile storage.

In an erase cycle, a decreasing negative voltage 1s applied,
and while the selector device 1s 1n a high resistance state,
charge at the gate of the MOS transistor decreases slowly.
Once the selector device switches to the low resistance state,
the charge decreases more rapidly with decreasing negative
voltage. The selector device switching to the low resistance
state occurs when the decreasing negative voltage again
leaves the range of deactivation voltages (e.g., drops below
a negative threshold voltage, or narrow range of negative
threshold voltages). The positive charge generated by the
positive voltage (described above) decreases rapidly (e.g., 1s
replaced by a negative charge in some embodiments) and
changes a state of the MOS transistor from the second state
back to the first state. In some embodiments, negative charge
accumulates quickly with the selector device in the low
resistance state, and then as the applied voltage returns to
zero and the selector device returns to the high resistant
state, a negative charge remains accumulated on the gate of
the MOS transistor. Since the current leakage of the selector
device can be very low (e.g., measured in atto-amps in at
least some disclosed embodiments), the charge on the gate
of the MOS ftransistor can retain a magnitude suitable to
maintain the changed state of the MOS transistor for a long
period of time. These two different stable states of positive
charge and negative charge accumulation on the gate of the
MOS transistor provide non-volatile characteristics for the
disclosed memory cells.

Non-Limiting Examples a Non-Volatile Memory Cell Uti-
lizing Volatile Switching Two Terminal Device and a MOS
Transistor

Various aspects or features of this disclosure are described
with reference to the drawings, wheremn like reference
numerals are used to refer to like elements throughout. In
this specification, numerous specific details are set forth in
order to provide a thorough understanding of this disclosure.
It should be understood, however, that certain aspects of
disclosure may be practiced without these specific details, or
with other methods, components, materials, etc. In other
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istances, well-known structures and devices are shown 1n
block diagram form to facilitate describing the subject
disclosure.

Referring now to the drawings, in FIG. 1 illustrated 1s a
schematic diagram of an example non-volatile memory cell
100 with a volatile element in accordance with various
aspects described herein. Non-volatile memory cell 100 can
include a volatile resistive switch 104 (e.g., a resistive
two-terminal selector device) that can be 1n a low resistive
state or a high resistive state depending on the voltage being
applied. A capacitor 102 with a first terminal 102A and a
second terminal 102B connected to the volatile resistive
switch 104 can also be provided. A first MOS transistor 106
(e.g., an NMOS transistor, or other suitable MOS transistor)
can serve as a lower capacitor for non-volatile memory cell
100. First MOS transistor 106 can comprise a low-profile
gate 108 connected to the volatile resistive switch 104, a
source 110, and a drain 112. In an embodiment, the drain 112
can also be connected in series with a source 116 of a
selection transistor 114 that includes a gate 120, the source
116 and a drain 118. In an embodiment, selection transistor
114 can also be a deep trench transistor having a low-profile
gate, similar to low-profile gate 108 of first MOS transistor
106. As an example, a deep trench transistor employed for
low capacitor 406 of FIG. 4, infra, or deep trench transistor

502 of FIG. 5, inira, (or devices 1300, 1400 of FIGS. 13 and

14, respectively, or other suitable deep trench transistor)
could be utilized for selection transistor 114, in various
embodiments.

Volatile resistive switch 104 can be a resistive two-
terminal selector device configured to be operable i1n
response to a suitable electric signal applied at one or more
ol two terminals of volatile resistive switch 104. In various
disclosed embodiments, volatile resistive switch 104 can
have a non-linear I-V response, in which volatile resistive
switch 104 exhibits current within a first range 1n response
to a first range of voltage magnitudes, and current within a
second range (e.g., much higher in magnitude than the first
range) 1n response to a second range of voltage magnitudes
(e.g., see FIG. 2A, infra). The first range of voltage magni-

tudes and second range ol voltage magnitudes can be
distinguished, as one example, by a threshold voltage, or a
threshold range of voltages (e.g., having magnitude(s)
between the first range of voltage magnitudes and the second
range ol voltage magnitudes). In various embodiments,
volatile resistive switch 104 may be embodied as a Field-
Assisted Superlinear Threshold (FAST™) selector device,
currently under development by the current assignee of the
present patent application and disclosed in U.S. Non-Pro-
visional application Ser. No. 14/588,185 filed Dec. 31, 2014,

the entirety of which 1s incorporated by reference herein for
all purposes.

Volatile resistive switch 104 can comprise a top electrode
and a bottom electrode. The top electrode and bottom
clectrode of volatile resistive switch 104 are electrical
conductors, and are comprised ol materials suitable to
facilitate conduction of current. In one or more embodi-
ments, the top electrode and bottom electrode of volatile
resistive switch 104 can comprise a material(s) providing or
facilitating provision of mobile atoms or 1ons in response to
a suitable stimulus. Examples of suitable stimuli can include
an electric field (e.g. a programming voltage), joule heating,
a magnetic field, or other suitable stimuli for directed or
partially directed particle motion. In an embodiment the
memory cell 100 can be formed by back to back-end-of-line
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metal layers of a semiconductor chip. In another embodi-
ment, the memory cell 100 and circuit can scale below the
20 nm technology size.

Examples of suitable materials for the top electrode or
bottom electrode of volatile resistive switch 104 can include
a noble metal (e.g., Ag, Pd, Pt, Au, etc.) or a metal alloy
containing noble metal 1n part (e.g., Ag—Al, Ag—Pd—Cu,
Ag—W, Ag—Ti, Ag—TiN, Ag—TaN, and so forth). Anoble
metal or alloy thereof can be utilized to facilitate mitigated
interaction between the top electrode or the bottom electrode
and a selector layer of selector device 106 situated between
the top electrode and the bottom electrode, for instance. This
mitigated particle interaction (e.g., mitigating or avoiding,
chemical bonding of the top electrode particles or the bottom
clectrode particles with particles of the selector layer of
volatile resistive switch 104) can facilitate improved lon-
gevity and reliability for volatile resistive switch 104, as one
example. Another example of a suitable material for the top
clectrode or the bottom electrode can include a material with
relatively fast diflusing particles. Faster diffusion can
include, for instance, a capacity to move among defect sites
(e.g., voids or gaps in molecular material) within a solid,
¢.g., defined by a suitable surface energy, facilitating dis-
persion of the relatively fast diffusion particles absent a
suitable aggregating force, for instance (e.g., an external
voltage of greater than a threshold magnitude). Materials
with relatively fast diffusing particles can facilitate fast state
switching of volatile resistive switch 104 (e.g., from a
non-conductive state to a conductive state), at lower bias
values. Examples of suitable fast diffusing materials can
include Ag, Cu, Au, Co, N1, Al, Fe, or the like, suitable
alloys thereof, or suitable combinations of the foregoing.

In at least one embodiment, the top electrode of volatile
resistive switch 104 can be comprised of the same material
or substantially the same material as the bottom electrode of
volatile resistive switch 104. In other embodiments, the top
clectrode and bottom electrode can be diflerent materials. In
still other embodiments, the top electrode and bottom elec-
trode can be at least 1n part the same material, and 1n part
different materials. For instance, the top electrode could
comprise a suitable conductive material, and the bottom
clectrode could at least in part comprise an alloy of the
suitable conductive material, or the suitable conductive

material 1n combination with another suitable conductor, as
an 1llustrative example.

In addition to the foregoing, volatile resistive switch 104
includes a selector layer disposed between the top electrode
and the bottom electrode of volatile resistive switch 104. In
contrast to top electrode or bottom electrode, however, the
selector layer can be an electrical insulator or 10nic conduc-
tor. Further, the selector layer can be a matenal (e.g., an
oxide) at least weakly permeable to particles of the top
electrode or bottom electrode. In some embodiments, the
selector layer can be a non-stoichiometric material.
Examples of suitable materials for selector layer 104 can
include non-stoichiometric matenials, such as: S10,, T10,,
AlO., WO,, T1,N;0O., HIOx, TaOx, NbOx, or the like, or
suitable combinations thereof, where x, v and z can be
suitable non-stoichiometric values. In some embodiments,
the selector layer can be a (doped or undoped) chalcogenide
or a solid-electrolyte material containing one or more of Ge,
Sb, S, Te. In yet another embodiment, the selector material
can comprise a stack of a plurality of the above mentioned
matenials (e.g. S10x/GeTe, T10Ox/AlOx, and so forth). In at

least one embodiment of the present disclosure, the selector
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layer can be doped with a metal(s) during fabrication, to
facilitate metal 10n 1njection from the top or bottom elec-
trode.

In response to a suitable signal applied at non-volatile
memory cell 100, volatile resistive switch 104 can transition
from a non-conducting state having a high electrical resis-
tance and a first current (or a first range of currents), to a
relatively-conducting state having a lower electrical resis-
tance and a second current (or a second range of currents).
In various embodiments, a current ratio of the first current to
the second current can be at least about 1,000 or more. For
instance, 1 one embodiment, the current ratio can be
selected from a range of current ratios from about 1,000 to
about 10,000. In another embodiment, the current ratio can
be selected from a range of current ratios from about 10,000
to about 100,000. In yvet another embodiment, the current
ratio can be selected from a range of current ratios from
about 100,000 to about 1,000,000. In still other embodi-
ments, the current ratio can be selected from a range of
current ratios from about 1,000,000 to about 10,000,000 or
more. In a further embodiment, the current ratio can be
within a range of current ratios from about 10E9 to about
10E11. Other suitable current ratios can be provided for a
selector device 106 1n various other suitable embodiments.

It 1s expected with further research, current ratios of up to
10E15 or 10E18 may be obtainable.

Turmning now to FIGS. 2 and 2A, FIG. 2 illustrates a
schematic diagram of an example non-volatile memory
device 200 comprising a volatile element 1n accordance with
vartous aspects described herein. Non-volatile memory
device 200 can include a resistive two-terminal selector
device 204 that can be 1 a low resistive state or a high
resistive state depending on the voltage being applied by a
voltage source 220. The voltage source 220 can be coupled
to a terminal ol an upper capacitor 202 that has a second
terminal connected to a top electrode of the selector device
204. A lower capacitor 206 (e.g., a gate of an NMOS
transistor, or other suitable transistor) can include a low-
profile gate connected to a bottom electrode of the selector
device 204, and a source and drain. In an embodiment, the
drain can also be connected 1n series with a select switch 208
(e.g., a second MOS).

The following 1s an 1llustrative example, though 1t should
be appreciated that the disclosed voltages are not limiting,
and other voltages and ranges of voltages for a selector
device 204 can be applicable 1n addition or instead. Accord-
ing to the example, 11 the voltage applied by voltage source
220 (or stored at lower capacitor 206) i1s such that the
ellective voltage across top and bottom electrodes of selec-
tor device 204 1s between a negative and positive voltage
threshold of about —1.7V to about +1.7V (merely as example
voltages), the selector device 204 can be (or remain) 1n a
high resistance state. In the high resistance state, upper
capacitor 202, selector device 204 and lower capacitor 206
act 1n an electrical sense as series capacitors (or approximate
a capacitor(s)). Accordingly, voltages dropped across
respective ones of the upper capacitor 202, selector device
204 and lower capacitor 206 increase 1n response 1o mncreas-
ing voltage applied by voltage source 220 in proportion to
their respective capacitive coupling ratios.

In some embodiments, if the voltage applied across selec-
tor device 204 1s beyond the range of about —1.7V to about
1.7V, the selector device 204 can enter a low resistance state
and will conduct a much larger current (e.g., no longer acting
as a capacitor). In contrast, 1n a high resistance state, an
increasing voltage applied by voltage source 220 causes an
extremely slowly increasing charge to accumulate at lower
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capacitor 206 (e.g., because of the high resistivity of selector
device 206 1n its high resistance state). When the voltage
applied across the selector device 204 1s outside the above
range of about —1.7V to about 1.7V (e.g., Voltage source<~-—
1.7, or Voltage source>~1.7) and selector device 204 tran-
sitions to a low resistance state, the charge at lower capacitor
206 will increase at a similar rate to the increasing potential
across the selector device 204. In various embodiments, the
positive and negative threshold voltages may be different,
eg. —1.5vand 1.7 v; -1 vand 1.5 v; -1.1 vand 1.2 v; or
the like, depending upon specific configuration.

In various embodiments, after the voltage applied by
voltage source 220 peaks and begins to decrease 1n magni-
tude, the charge at lower capacitor 206 will decrease in
proportion with a decreasing potential across selector device
204. Once the voltage across selector device 206 drops
below the threshold of about 1.7V, the selector device 204
enters 1mto a high resistance state again, and the charge
dispersion rate at lower capacitor 206 decreases greatly.
After the voltage applied by voltage source 220 goes to zero,
a portion of the accumulated charge remains at the low-
profile gate of lower capacitor 206, suitable to cause current
to conduct from the source to the drain thereof. Conductivity
(or non-conductivity) of the source and drain of lower
capacitor 206 can be measured at sense amp(s) 210 1n
response to activation of a select switch 208.

In a similar manner, the voltage source 220 can apply a
negative voltage to upper capacitor 202 and the charge
accumulated at lower capacitor 206 will decrease at a very
small rate based on the capacitive ratios of upper capacitor
202, selector device 204 and lower capacitor 206. Once the
negative voltage applied across selector device 204 goes
below the negative voltage threshold however, and selector
device 204 transitions to a low resistance state, charge
trapped at the low-profile gate of lower capacitor 206 can
decrease (1n some embodiments) or accumulate a negative
charge (in other embodiments) at a much faster rate.

In some embodiments, as the negative voltage decreases
in magnitude toward zero volts, the voltage across selector
device 204 increases relative to the negative threshold
voltage, and selector device 204 re-enters the high resistance
state, and a second charge (e.g., low charge, negative charge,
etc.) will remain at the low-profile gate of lower capacitor
206. The trapped charge 1s typically suitable to cause the
source and drain of lower capacitor 206 to be non-conduc-
tive, e.g., measurable during a read operation at sense
amp(s) 210 enabled by select switch 208.

This cycling of positive and negative voltages 1s the
program and erase cycle of the non-volatile memory device
200, and a read voltage can be applied at the source of lower
capacitor 206 to determine whether the source and drain of
lower capacitor 206 are conducting (e.g., 1n the second state)
or non-conducting (e.g., 1n the pre-charge state). Based on a
current flowing through select switch 208 measured by sense
amp(s) 210, 1t can be determined whether the memory cell
1s programmed or erased, for example.

FIG. 2A shows a graph 200A of an I-V response 202A of
selector device 204 for a range ol positive and negative
voltages. The x-axis of the graph represents voltage, and the
y-axis ol the graph shows current. On the positive x-axis 1s
a lower positive threshold 208A and an upper positive
voltage 210A, and on the negative x-axis 1s a lower negative
threshold 206A (1n magnitude) and an upper negative volt-
age 204 A (also 1n magnitude). In between the lower negative
threshold 206A and lower positive threshold 208A, very
little current 1s conducted by the selector device 204, and the
selector device 204 eflectively behaves like a high resistance
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resistor, or even a capacitor. In the range of negative voltages
between 204A and 206A, as well as between positive
voltages 208A and 210A, the selector device 204 very
quickly transitions to a low resistance state. The ratio of
resistances between the high resistance state and the low
resistance state can be in the vicinity of 1x107:1 to 1x10"°:1,
in at least some disclosed embodiments.

In an embodiment, the selector device 204 can begin to
transition from a high resistance state to a low resistance
state at about —-1.7V and about +1.7V (206A and 208A,
respectively). The transition can be complete by about -2V

and about +2V (204A and 210A, respectively). In other
embodiments, the voltage threshold 206A/208A can begin at
about £1.5V, respectively, and the selector device 204 can be

fully transitioned into the low resistance state by about
+1.8V (204A/210A, respectively). In still other embodi-
ments, negative voltages 204A/206A and positive voltages
208A/210A can have other respective ranges of voltage
values. The magmtudes of the thresholds need not be
symmetric (e.g. —1.3 volts and +1.5 volts).

Turning now to FIGS. 3 and 3A, FIG. 3 illustrates a
diagram 300 of an example non-volatile memory cell 1n a
program phase 1n accordance with various aspects described
herein. This graph shows the voltages present over time at
the first terminal of the capacitor (e.g., 102), represented by
bold line 302, a first terminal of the selector device (e.g.,
204) represented by solid line 304, and a low-profile MOS
transistor gate (e.g., 108) represented by dashed line 306.
The vertical distance between solid line 304 and dashed line
306 1s V. and represents the voltage across the selector
device. During time period 308, as the applied voltage at the
first terminal of the capacitor 402 increases and the voltages
at each of the eclements increase at respective rates, the
relative increases in voltage are based on the respective
capacitive ratios of the 3 elements (e.g., capacitor, selector
device and MOS transistor gate). The voltage increases
fastest at the first terminal 302, approximately equal to the
increasing supply voltage, while at a slower rate at the first
terminal of the selector device and an even slower rate at the
MOS transistor gate, as depicted by signals 304 and 306
respectively during time period 308. Also, during the time
period 308, the selector device 1s 1n a high resistance state
shown by I-V graph 316 (with current on a vertical axis and
voltage on a horizontal axis, the shaded region of I-V graph
316 1illustrates low conductivity), conducting very little
current as depicted by the shaded bottom portion of I-V
graph 316. Within region 308 V. <V., where V. 1s the
positive threshold voltage associated with the selector
device.

During time period 310 however, the voltage 302 has
increased suflicient to cause the voltage 304 across the
selector device, V . to begin to exceed V ... In such a situation,
the selector device transitions into a low resistance state, as
shown 1n the shaded portion of I-V graph 318 (where the
rapidly increasing current on the right-side vertical line 1s
shaded). In various embodiments, V. 1s approximately
clamped to V - for time period 310. In one embodiment, the
transition occurs when the difference between the voltage
304 and 306, c.g. the voltage across the selector device,
exceeds a positive threshold voltage (e.g. about 1.5 to about
1.7 volts.) In some embodiments, voltage source 302 applies
a voltage exceeding about 3.2 volts, for the voltage across
the selector device V. to exceed the positive threshold
voltage V... It should be understood that 1n other embodi-
ments, the voltage applied by voltage source 302 to achieve
the threshold voltage across the selector device will vary
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depending upon the design parameters and characteristics of
the capacitor structure, the selector device, and the MOS
transistor.

In various embodiments, within time period 310, the
selector device essentially becomes a conductor (as a result
of filament formation, discussed above), and the voltage 306
increases at the low-profile MOS gate at a faster rate than 1t
did within time period 308. During this time period 310, the
rate of increase of the voltage 304 decreases slightly (not
shown 1n FIG. 3A due to the scale of the change) since the
selector 1s 1 a conductive state and during that period does
not act as a capacitor, thus changing the capacitive ratio(s)
of the circuit. The rate of voltage increase at 306 then
matches the rate of increase of signal voltage 304. Thus, for
time period 310, the rate of voltage increase 304 at the first
terminal of the selector device 1s equal to or approximately
equal to the rate of voltage increase 306 at the low-profile
gate of the MOS ftransistor, as V. remains approximately
clamped at V... In various embodiments, during time period
310, charges are conducted across the selector device and
stored on the low-profile gate of the MOS transistor.

During time period 312, the voltage applied by the voltage
source has peaked and decreases slowly, and the voltages at
the three elements ramp down and as shown 1n I-V graphs
320 and 322. In other embodiments, the slope or rate of
decrease may be different from the slope or rate increase
within time periods 308 and 310. In time period 312, the
selector device transitions back to the high resistance state
(e.g., 1n time period 312) and maintains the high resistance
state (e.g., 1n time period 314). More particularly, as the
applied voltage 320 begins to decrease, the voltage V . drops
below about V., and thus the selector device enters a high
resistance state, and appears as a capacitor in series with the
upper capacitor 202 and the lower capacitor 206 (e.g., the
low-profile gate of the MOS ftransistor). The relative
decreases in voltage within time period 312 at each of the
three elements are then based on respective capacitive
coupling ratios of the three devices, following transition of
the selector device to the high resistance state, and so when
time period 312 ends, there 1s still some charge accumulated
at the low-profile gate of the MOS transistor shown by line
306, even though the capacitor and selector device both
reach zero voltage. In time period 314, a small voltage (and
thus accumulated charge) of roughly 0.75V remains at the
low-profile gate of the MOS ftransistor.

Turning to FIG. 3A, illustrated 1s a diagram 300 of an
example non-volatile memory cell 1n an erase phase 1n
accordance with various aspects described heremn. This
graph shows the voltages applied at each of the first terminal
of the capacitor (e.g., 102), represented by bold line 302A,
first terminal of the selector device (e.g., 204), represented
by solid line 304A, and a low-profile MOS transistor gate
(c.g., 108), represented by dashed line 306A. The vertical
distance 1n phase 310 between dashed line 306A and solid
line 304 A 1s V ~and represents the negative threshold voltage
associated with the selector device while V. 1s the voltage
across the selector device. Within regions 308A and 310A,
V>V During time period 308A, there 1s no voltage
applied by the voltage source, and the voltages at the first
terminal of the capacitor and the selector device are zero,
while the gate of the MOS ftransistor retains the voltage
acquired during a previous program phase (e.g., FIG. 3).
Since the selector device 1s 1 a high resistance state as
shown 1n I-V graph 318A, charge accumulated at the low-
profile MOS transistor gate 108 will remain due to the high
resistance ol the selector device and lack of an external
voltage stimulus. In time period 310A however, as a decreas-
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ing negative voltage 1s applied by the voltage source, the
voltage drops at the first terminal, selector device and the
gate at the rate determined by the respective capacitive
ratios.

In phase 312A however, the voltage 302A at the selector
device (V) has crossed the negative voltage threshold V.,
and the selector device transitions to a low resistance state
as shown 1 I-V graph 320A. In one embodiment, V. 1s
approximately clamped to V.. In one embodiment, the
transition occurs when the difference between the voltage
304A and 306A, e.g. the voltage across the selector device
exceeds the negative threshold voltage (e.g. about -1.5 to
about —1.7 volts.) In some embodiments, voltage source
302A applies a voltage exceeding about —3.2 volts, for the
voltage across the selector device V¢ to exceed the negative
threshold voltage V... It should be understood that in other
embodiments, the voltage applied by voltage source 302A to
achieve the threshold voltage across the selector device will
vary depending upon the design parameters and character-
istics of the capacitor structure, the selector device, and the
MOS transistor.

In phase 312A, since the capacitive ratio of the circuit
changes due to the transition of the selector device (as a
result of filament formation, discussed above), the rate of
change of the signal 304A decreases slightly since the
selector 1s 1 a conductive state and does not act as a
capacitor any more, thus changing the capacitive ratio(s) of
the circuit. (Not shown 1n FIG. 3A due to the scale of the
change). The voltage 306A at the gate begins to drop at the
same/similar rate as the voltage at the selector device 304 A
until time period 314A, when the negative voltage 1s with-
drawn, and the selector device transitions to high resistance
state as shown 1n I-V graph 322A. More particularly, as the
applied voltage 302A begins to decrease, the voltage V.
drops below about V., and thus the selector device enters a
high resistance state, and appears as a capacitor 1n series
with the capacitor and the MOS ftransistor. The supply
voltage 302A and voltage at the first terminal of the selector
device 304 A continue to decrease to zero. Eventually, by
time period 316A, a negative voltage remains at the low-
profile gate of the MOS transistor, whereas voltages 302A
and 304 A have returned to zero. Since the selector device 1s
in low resistance state (e.g., I-V graph 324 A) and there 1s no
external voltage stimulus applied, the negative charge and a
voltage of roughly -0.75V remain at the low-profile gate of
the MOS {transistor.

Turning now to FIG. 4, there 1s depicted a cross section
view ol an example non-volatile memory device 400 suit-
able for high density integration in a memory array, accord-
ing to embodiments of the present disclosure. Non-volatile
memory device 400 can comprise an upper capacitor 402
(e.g., a metal-insulator-metal construct, or the like) 1n elec-
trical series with a volatile selector device 404, which 1s also
in electrical series with a gate 408 of a transistor 406 (e.g.,
a lower capacitor). In various embodiments, the gate 408 can
be a low-profile gate having a width substantially equal to a
width of a p-well formed beneath the low-profile gate 408.
In some embodiments, the width of the p-well (and approxi-
mate width of gate 408) can be about 100 nanometers (nm)
or less. In at least some embodiments, the width of the
p-well (and approximate width of gate 408) can be about 55
nm or less. In at least some embodiments, the width of the
p-well can scale down to as low as about 20 nm, while
maintaining adequate leakage current mitigation. Compared
to conventional transistors having gate widths on an order of
300 nm or more (e.g., 320 nm, 330 nm, etc.), low-profile
gate 408 and non-volatile memory device 400 can consume
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significantly less substrate surface area, facilitating high
density integration in an array ol non-volatile memory
devices 400.

As 1llustrated, transistor 406 has a p-well 418 formed
within a substrate 410. Substrate 410 can be a suitable
semiconductor material, doped or undoped, or other suitable
material. P-well 418 can be lined with an insulating {ilm 420
in some embodiments. Insulating film 420 can help reduce
leakage current directly between a source 412 and drain 414
of transistor 406, forcing current to follow the a path 416
illustrated by the dashed line, around most of a perimeter of
p-well 418. This longer path 416 (compared with a direct
distance between source 412 and drain 414) can facilitate
reduction 1n width of p-well 418 and gate 408, reducing an
area consumed by gate 408 above substrate 410.

Overlying gate 408 1s volatile selector device 404, which
can comprise a bottom electrode, selector layer and top
clectrode (e.g., see FIG. 5, infra). The top electrode of
volatile selector device 404 can serve as a lower terminal for
upper capacitor 402, 1n some embodiments. In other
embodiments, an additional conductive material can be
provided above the top electrode of volatile selector device
404, to serve as a separate lower terminal for upper capacitor
402. In an embodiment, upper capacitor 402 can be a
metal-insulator-metal (MIM) capacitor, with an insulating,
layer (white layer extending across a width of non-volatile
memory device 400) between two conductive terminals
(shaded blocks above and below the insulating layer). In
various embodiments, the insulating layer can be limited in
extent (e.g., width, depth, etc.) to approximately the extent
of the two conductive terminals of upper capacitor 402, and
therefore the insulating layer does not extend across the
width of non-volatile memory device 400 1n such embodi-
ments.

FIG. 5 1illustrates a cross section diagram of an example
non-volatile memory device 500 according to still further
embodiments of the present disclosure. Non-volatile
memory device 500 comprises a deep trench transistor
device 502 having a p-well 5306 formed deeply within a
substrate 501 of non-volatile memory device 500. In some
embodiments, p-well 506 can be up to (about) 0.2 um 1n
depth (e.g., below a surface of substrate 501). In other
embodiments, p-well 506 can be greater than about 0.1 um
in depth. Isolation oxides 504A, 504B are provided at a
perimeter of deep trench transistor device 502. An N+ source
508A and N+ drain 5S08B are provided, with lightly doped
N- contacts 510A, 5108, as depicted. Drain and source
regions S08A, 508B and lightly doped n- contacts can be
tformed by 1on implantation with arsenic or phosphorous (for
NMOS type transistors) or boron (for PMOS type transis-
tors). In some embodiments, insulating (e.g., dielectric)
spacers 512A, 512B can be provided flanking a gate 511 of
deep trench transistor device 502.

Overlying and 1n electrical contact with gate 511 1s a
metal interconnect 518. Overlying metal interconnect 518 1s
selector layer stack comprising a bottom electrode metal
520, a volatile resistive-switching selector layer 522, and a
top electrode metal 524. The selector layer stack can operate
as a volatile resistive switching selector device, as described
heremn. Overlying top electrode metal 524 1s an insulator
material 526 (e.g., an oxide), and a metal material 528 (e.g.,
a metal line of a memory device, such as a bitline, wordline,
dataline, sourceline, etc.) Metal material 3528, insulator
material 526 and top electrode metal 524 can form a M-I-M
capacitor (e.g., for upper capacitor 402 of FIG. 4, supra). In
an embodiment, an additional metal material (not depicted)
can be provided between top electrode metal 524 and
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insulator material 526 to serve as a separate bottom contact
for the M-I-M capacitor (e.g., replacing top electrode metal
524). Top electrode metal 524 can serve as a metal inter-
connect between the M-I-M capacitor and the volatile resis-
tive switching selector layer 522, 1n various embodiments,
and metal interconnect 518 serves as a metal interconnect
between the volatile resistive switching selector layer 522
and gate 511. The metal interconnect 518, gate 511 (e.g., a
polysilicon material, or the like) and source or drain of deep
trench transistor device 502 can serve as an additional
capacitor (e.g., transistor/lower capacitor 406 of FIG. 4,
supra).

FIGS. 6 through 17 illustrate an example process(es) for
forming a disclosed non-volatile memory device, in addi-
tional embodiments. In some embodiments, the non-volatile
memory device formed by the example process(es) can be
non-volatile memory device 500 of FIG. 5, supra. However,
the subject disclosure 1s not so limited, and such process(es)
can be utilized to form variations thereof consistent with the
subject disclosure or made known to one of skill in the art
by way of the context provided herein.

FIG. 6 1llustrates a device 600 comprising a substrate 602
and a p-well 612 formed 1n substrate 602. In some embodi-
ments, p-well 61 can be a deep trench well, having an aspect
ratio of depth to width greater than 1:1. Stated differently,
p-well can have a depth and a width, wherein the depth 1s
larger than the width. In some embodiments the aspect ratio
can be about 2 to about 1; 1n other embodiments the aspect
ratio can be about 4 to about 1; whereas 1n still other
embodiments, other suitable aspect ratios can be provided.
Additionally, device 600 can comprise 1solation oxides 604
and 606 that flank p-well 612. In embodiments where p-well
612 1s formed by patterning and etching, a photoresist 608,
610 can remain overlying substrate 602, except where
p-well 612 1s etched from the photoresist 608, 610. In other
embodiments, for instance where p-well 612 1s formed with
a damascene process (e.g., substrate material 1s mechani-
cally removed from p-well 612), the photoresist 608, 610
can be absent.

FIG. 7 1illustrates a device 700 comprising an insulating
film 710 formed over p-well 612. In some embodiments,
insulating film 710 can overly 1solation oxides 604 and 606
and a top surface of substrate 602. Insulating film 710 can
be a suitable electrical insulating material (e.g., an oxide,
ctc.). In some embodiments, insulating film 710 1s optional
and a non-volatile memory device can be formed without
insulating film 710.

FIG. 8 illustrates a device 800 comprising a gate material
812 overlying insulating film 710 (where utilized) and
p-well 612. Gate material 812 can be a polysilicon material,
in some embodiments, a polycrystalline silicon matenal, 1n
other embodiments, or a similar material. Gate material 812
can be doped or undoped in additional embodiments. As
illustrated, gate material 812 1s deposited 1n a first section
812A overlying substrate 602 as well as a second section
812B filling a void within p-well 612.

FIG. 9 depicts a device 900 prepared for etching of a
low-profile gate to overly a p-well of a transistor, according
to further embodiments. Device 900 can comprise a photo
resist 904 formed overlying gate material 812 and p-well
612. In an embodiment, photo resist 904 can have a width
substantially equivalent to that of p-well 612. In another
embodiment, photo-resist 904 can have a width slightly
larger or slightly smaller than the width of p-well 612.
Referring to FIG. 10, a device 1000 1s depicted for which
ctching of gate material 812 and insulating film 710 1s
complete, resulting 1n a low-profile gate 1014 overlying
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p-well 612. Insulating film 710 lines interior surfaces of
p-well 612, between substrate 602 and gate material 812
beneath low-profile gate 1014. A remnant ol photoresist
1016 can remain above low-profile gate 1014 after the
ctching, which can be removed (e.g., by chemical mechani-
cal polishing, or other suitable mechanism).

FIG. 11 illustrates a device 1100 according to further
embodiments of the present disclosure. Device 1100 has
photoresist 1016 removed, leaving low-profile gate 1014.
Doping of sections of substrate 602 can form N- regions
1116, 1118 between p-well 612 and 1solation oxides 604,
606. In some embodiments, N- regions 1116, 1118 can be
lightly doped forming a lightly doped source and drain of a
deep trench transistor. The lightly doped drain and source
regions can be formed by i1on implantation with arsenic or
phosphorous (e.g., for NMOS type transistors) or boron
(e.g., for PMOS type transistors), where the depth 1s up to
(about) 0.2 um, as one example.

FI1G. 12 illustrates a device 1200 according to additional
embodiments of the present disclosure. In FIG. 12, dielectric
spacers 1220, 1222 can be formed on either sides of low-
profile gate 1014, and over subsets of lightly doped regions
1116, 1118. In an embodiment, dielectric spacers 1220, 1222
can be formed 1n an oxidation step.

FIG. 13 depicts a device 1300 according to still further
embodiments of the present disclosure. Device 1300 can
include a recessed (e.g., high voltage) metal oxide semicon-
ductor transistor, in various embodiments. Doped N+ drain
and source regions 1328, 1330, respectively, can be formed
in substrate 602 adjacent to lightly doped N- regions. Doped
N+ drain and source regions 1328, 1330 can be formed by
ion 1mplantation with arsenic or phosphorous (for NMOS
type transistors) or boron (for PMOS type transistors),
where the depth 1s up to (about) 0.2 um. Additionally,
salicide regions 1324 and 1326 can be formed above the
doped N+ drain and source regions 1328, 1330. The salicide
can be formed from Nickel, Cobalt, or Titanium, or a
combination thereof, in some embodiments. These salicide
regions 1324, 1326 can form ohmic contacts for N+ drain
and source regions 1328, 1330, respectively, which can be
connected to an input signal (e.g., the signal 1n mnput to lower
capacitor 206 of FIG. 2, supra) or an output line to a select
switch (e.g., select switch 208 of FIG. 2, supra) and sense
amp(s) (e.g., sense amp(s) 210).

FI1G. 14 1llustrates a device 1400 comprising a deep trench
transistor according to further embodiments of the present
disclosure. Device 1400 can comprise an insulating layer
1424 formed overlying low-profile gate 1014, and dielectric
spacers 1220, 1222, as depicted. Insulating layer 1424 can
turther overly salicide contacts 1324, 1326 and 1solation
oxides 604, 606, as depicted. FIG. 15 depicts a device 1500
in which insulating layer 1424 1s planarized (e.g., by CMP
or other suitable planarization process) to form a planar
surface exposing a top surface of low-profile gate 1014. A
stack of layers can be deposited over insulating layer 1424
and low-profile gate 1014, including a first metal electrode
layer 1526, a selector layer 1528, a second metal electrode
layer 1530, an msulating layer 1532, and a conductive layer
1534. Additionally, a photoresist or mask 1536 can be
formed and patterned over the stack of layers to serve as an
ctching pattern for the stack of layers.

Turning to FI1G. 16, a device 1600 1s depicted comprising
a deep trench transistor having a selector device and upper
capacitor formed over the deep trench transistor. The selec-
tor device can comprise a bottom electrode 1626, a selector
layer 1628, a top electrode 1630, an insulating medium
1632, and a conductive contact 1634. In various embodi-
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ments, bottom electrode 1626, selector layer 1628 and top
clectrode 1630 can form a selector device (e.g., volatile
resistive switching device) connected electrically in serial
with low-profile gate 1014. Further, top electrode 1630,
insulating medium 1632 and conductive contact 1634 can
form a M-I-M capacitor connected electrically 1n serial with
the selector device (e.g., as illustrated in FIG. 4 or 5, supra).
In an embodiment, an additional metal material can be
provided between top electrode 1630 and insulating medium
1632, where the additional metal material serves as a bottom
contact for the M-I-M capacitor 1n place of top electrode

1630.

FIG. 17 illustrates a completed non-volatile memory

device 1700 according to one or more disclosed embodi-
ments. An insulating layer 1736 1s formed overlying a deep
trench transistor and a stack of materials overlying a low-
profile gate 1014 of the deep trench transistor. The stack of
materials can comprise the selector device and M-I-M
capacitor described above. In one or more embodiments,
conductive contact 1634 can be connected to a metal line
(not depicted, but see signal mput mnto lower capacitor 206
of FIG. 2, supra) of a memory array, such as a signal line
(e.g., a bitline, a wordline, etc.) to provide a voltage, current,
clectric field, or other suitable signal to the stack of mate-
rials. A second metal line (not depicted) can be connected to
a source of the deep trench transistor, and a drain of the deep
trench transistor can be connected to a read output line (not
depicted, but see drain 112 of transistor/lower capacitor 106
of FIG. 1, supra).
The aforementioned diagrams have been described with
respect to interaction between several components of a
memory cell, or memory architectures comprised of such
memory cells. It should be appreciated that 1n some suitable
alternative aspects of the subject disclosure, such diagrams
can 1nclude those components and architectures specified
therein, some of the specified components/architectures, or
additional components/architectures. Sub-components can
also be mmplemented as electrically connected to other
sub-components rather than imncluded within a parent archi-
tecture. Additionally, 1t 1s noted that one or more disclosed
processes can be combined 1nto a single process providing
aggregate functionality. For instance, a read process or a
write process can comprise an inhibit process, or the like, or
vice versa, to facilitate selective reading or writing to subsets
of memory cells on a common line. Components of the
disclosed architectures can also interact with one or more
other components not specifically described herein but
known by those of skill in the art.

In view of the exemplary diagrams described supra,
process methods that can be implemented in accordance
with the disclosed subject matter will be better appreciated
with reference to the tlow charts of FIGS. 18 and 19. While
for purposes of simplicity of explanation, the methods of
FIGS. 18 and 19 are shown and described as a series of
blocks, 1t 1s to be understood and appreciated that the
claimed subject matter 1s not limited by the order of the
blocks, as some blocks may occur in different orders or
concurrently with other blocks from what 1s depicted and
described herein. Moreover, not all 1llustrated blocks may be
required to implement the methods described herein. Addi-
tionally, 1t should be further appreciated that the methods
disclosed throughout this specification are capable of being
stored on an article of manufacture to facilitate transporting
and transferring such methodologies to an electronic device.
The term article of manufacture, as used, 1s intended to
encompass a computer program accessible from any suitable
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computer-readable device, device 1n conjunction with a
carrier, storage medium, or the like, or a suitable combina-
tion thereof.

Turning now to FIG. 18, there 1s depicted a method 1800
for fabricating a memory device according to additional
embodiments of the present disclosure. At 1802, method
1800 can comprise forming a deep and narrow trench into a
surface of a substrate. At 1804, method 1800 can comprise
depositing an electrically insulating dielectric layer at least
over a recess surface of the substrate exposed by the trench.
Further, at 1806, method 1800 can comprise forming a
low-profile transistor gate over and at least 1n part within the
trench below the top surface of the substrate. At 1808,
method 1800 can comprise forming a source and a drain for
a transistor 1n the substrate on opposing sides of the low-
profile transistor gate.

At1810, method 1800 can comprise forming a metal layer
overlying and in electrical contact with the low-profile
transistor gate. At 1812, method 1800 can comprise forming,
a stack of layers comprising a first metal layer, a set of
switching device layers, a dielectric layer and a second metal
layer, overlying and 1n electrical contact with the low-profile
transistor gate. At 1814, method 1800 can comprise etching,
the stack of layers to form a first capacitor form the second
metal layer and dielectric layer, a volatile resistive switching,
device from the switching device layers, and a conductive
contact between a bottom electrode of the volatile resistive
switching device and the low-profile transistor gate. In a
turther embodiment, method 1800 can additionally comprise
forming an insulating layer overlying the etched stack of
layers, and the substrate.

FIG. 19 depicts a tlowchart of a sample method 1900 for
fabricating a selector-based non-volatile memory device
according to additional embodiments of the present disclo-
sure. At 1902, method 1900 can comprise providing a
substrate for a memory device, and at 1904, method 1900
can comprise forming a transistor at least in part within the
substrate having a transistor gate. In various embodiments,
the transistor can be a deep trench transistor having a p-well
with a depth and width, wherein the depth 1s greater than the
width. In an embodiment, the depth can be greater than
about 100 nm (e.g., 100 nm, 200 nm, etc.) and the width can
be smaller than about 100 nm (e.g., <100 nm, about 55 nm,
20 nm, etc.). In further embodiments, the gate can be a
low-profile gate having a width or depth approximately
equal to the width of the p-well.

At 1906, method 1900 can comprise forming a metal
interconnect in electrical contact with the transistor gate. At
1908, method 1900 can comprise forming a volatile, two-
terminal switching device comprising a first conductive
terminal 1n electrical contact with the metal interconnect, a
volatile resistive-switching selector layer overlying the first
conductive terminal, and a second conductive terminal over-
lying the volatile resistive-switching selector layer. At 1910,
method 1900 can comprise forming a capacitor having a first
terminal electrically connected to the second conductive
terminal of the volatile, two-terminal switching device and
a second terminal configured to recetve an input signal.

In an embodiment, method 1900 can comprise forming
the transistor by forming a trench within the substrate having
a depth and a width, wherein the depth of the trench 1is
greater than the width of the trench. Additionally, the tran-
sistor can be formed by forming the transistor gate at least
in part within the trench within the substrate and at least 1n
part overlying the trench within the substrate, the transistor
gate having a width substantially the same as the width of
the trench.
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In one or more additional embodiments, method 1900 can
further comprise forming an insulating film overlying a
surface of the substrate exposed by the trench within the
substrate, wherein the transistor gate 1s adjacent to the
insulating film. In some embodiments, method 1900 can
comprise forming the trench within the substrate with the
depth greater than about 100 nm and with the width less than
about 100 nm, and 1n other embodiments method 1900 can
comprise forming the trench within the substrate with the
depth no less than 200 nm, and with the width of about 55
nm or less.

According to other embodiments, method 1900 can com-
prise forming an insulator layer overlying the second con-
ductive terminal of the volatile, two-terminal switching
device and forming the second terminal overlying the insu-
lator layer. Moreover, method 1900 can comprise electri-
cally comnecting the second terminal to an iput node
associated with the input signal in some embodiments.

In some embodiments, method 1900 can comprise form-
ing the first conductive terminal of the volatile, two-terminal
switching device from a member selected from a group
consisting of: TiN, TaN, Cu, Al, Ag and an alloy of the
foregoing. In additional embodiments, method 1900 can
comprise forming the second conductive terminal of the
volatile, two-terminal switching device from a member
selected from a group consisting of: TiN, TaN, Cu, Al, Ag
and an alloy of the foregoing. Method 1900 can additionally
comprise forming the volatile, resistive-switching selector
layer to have few particle trapping voids or defects, and
utilizing a matenal selected from a group consisting of:

undoped amorphous Si, a semiconductor having intrinsic
characteristics, a Si1 sub-oxide, a non stoichiometric Si
bearing material and a non-stoichiometric metal oxide. In
one or more other embodiments, method 1900 can comprise
forming a second transistor at least in part within the
substrate and having a second channel region connected 1n
series with a first channel region of the transistor, forming a
gate for the second transistor, and connecting the gate to a
second signal 1nput.

Example Operating Environments

In various embodiments of the subject disclosure, dis-
closed memory architectures can be employed as a stand-
alone or integrated embedded memory device with a CPU or
microcomputer. Some embodiments can be implemented,
for mstance, as part ol a computer memory (e.g., random
access memory, cache memory, read-only memory, storage
memory, or the like). Other embodiments can be i1mple-
mented, for instance, as a portable memory device.
Examples of suitable portable memory devices can include
removable memory, such as a secure digital (SD) card, a
umversal serial bus (USB) memory stick, a compact flash

(CF) card, or the like, or suitable combinations of the
foregoing. (See, e.g., FIGS. 20 and 21, infra).

NAND FLASH 1s employed for compact FLASH
devices, USB devices, SD cards, solid state drives (SSDs),
and storage class memory, as well as other form-factors.
Although NAND has proven a successful technology in
tueling the drive to scale down to smaller devices and higher
chip densities over the past decade, as technology scaled
down past 25 nanometer (nm) memory cell technology, the
inventors have identified several structural, performance,
and reliability problems that became evident to them. These
or similar considerations can be addressed by some or all of
the disclosed aspects.
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In order to provide a context for the various aspects of the
disclosed subject matter, FIG. 20, as well as the following
discussion, 1s intended to provide a brief, general description
ol a suitable environment in which various aspects of the
disclosed subject matter can be implemented or processed.
While the subject matter has been described above 1n the
general context of electronic memory and process methods
for fabricating or operating the electronic memory, those
skilled 1n the art will recogmize that the subject disclosure
also can be implemented in combination with other com-
ponents/layers of memory, memory architectures or process
methodologies. Moreover, those skilled 1n the art will appre-
ciate that the disclosed processes can be implemented within
a processing system or a computer processor, either alone or
in conjunction with a host computer, which can include
single-processor or multiprocessor computer systems, mini-
computing devices, mainirame computers, as well as per-
sonal computers, hand-held computing devices (e.g., PDA,
smart phone, watch), microprocessor-based or program-
mable consumer or industrial electronics, and the like. The
illustrated aspects may also be practiced in distributed
computing environments where tasks are performed by
remote processing devices that are linked through a com-
munications network. However, some, 11 not all aspects of
the claamed innovation can be practiced on stand-alone
electronic devices, such as a memory card, FLASH memory
module, removable memory, or the like. In a distributed
computing environment, program modules can be located 1n
both local and remote memory storage modules or devices.

FIG. 20 illustrates a block diagram of an example oper-
ating and control environment 2000 for a memory cell array
2002 according to aspects of the subject disclosure. In at
least one aspect of the subject disclosure, memory cell array
2002 can comprise a variety ol memory cell technology.
Particularly, memory cell array 2002 can comprise two-
terminal memory such as high density, selector-based resis-
tive memory cells with a low-profile gate (e.g., a gate
consuming a relatively small substrate surface area com-
pared with conventional transistor gate devices), as
described herein.

A column controller 2006 can be formed adjacent to
memory cell array 2002. Moreover, column controller 2006
can be electrically coupled with bit lines of memory cell
array 2002. Column controller 2006 can control respective
bitlines, applying suitable program, erase or read voltages to
selected bitlines.

In addition, operating and control environment 2000 can
comprise a row controller 2004. Row controller 2004 can be
formed adjacent to column controller 2006, and electrically
connected with word lines of memory cell array 2002. Row
controller 2004 can select particular rows of memory cells
with a suitable selection voltage. Moreover, row controller
2004 can {facilitate program, erase or read operations by
applying suitable voltages at selected word lines.

A clock source(s) 2008 can provide respective clock
pulses to facilitate timing for read, wrte, and program
operations of row control 2004 and column control 2006.
Clock source(s) 2008 can further facilitate selection of word
lines or bit lines 1n response to external or internal com-
mands received by operating and control environment 2000.
An mput/output builer 2012 can be connected to an external
host apparatus, such as a computer or other processing
device (not depicted) by way of an I/O bufler or other I/O
communication interface. Input/output bufler 2012 can be
configured to receive write data, receive an erase instruction,
output readout data, and receive address data and command
data, as well as address data for respective instructions.
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Address data can be transferred to row controller 2004 and
column controller 2006 by an address register 2010. In
addition, input data 1s transmitted to memory cell array 2002
via signal mput lines, and output data 1s recerved from
memory cell array 2002 via signal output lines. Input data
can be received from the host apparatus, and output data can
be delivered to the host apparatus via the I/O bufler.

Commands received from the host apparatus can be
provided to a command interface 2014. Command interface
2014 can be configured to receive external control signals
from the host apparatus, and determine whether data input to
the input/output butler 2012 1s write data, a command, or an
address. Input commands can be transferred to a state
machine 2016.

State machine 2016 can be configured to manage pro-
gramming and reprogramming of memory cell array 2002.
State machine 2016 receives commands from the host
apparatus via input/output interface 2012 and command
interface 2014, and manages read, write, erase, data input,
data output, and like functionality associated with memory
cell array 2002. In some aspects, state machine 2016 can
send and receive acknowledgments and negative acknowl-
edgments regarding successiul receipt or execution of vari-
ous commands.

In an embodiment, state machine 2016 can control an
analog voltage waveform generator 2018 that provides read/
write and program/erase signals to row control 2004 and
column control 2006.

To implement read, write, erase, input, output, etc., func-
tionality, state machine 2016 can control clock source(s)
2008. Control of clock source(s) 2008 can cause output
pulses configured to facilitate row controller 2004 and
column controller 2006 implementing the particular func-
tionality. Output pulses can be transierred to selected bit
lines by column controller 2006, for 1nstance, or word lines
by row controller 2004, for instance.

The illustrated aspects of the disclosure may also be
practiced 1n distributed computing environments where cer-
tain tasks are performed by remote processing devices that
are linked through a communications network. In a distrib-
uted computing environment, program modules or stored
information, instructions, or the like can be located 1n local
or remote memory storage devices.

Moreover, 1t 1s to be appreciated that various components
described herein can include electrical circuit(s) that can
include components and circuitry elements of suitable value
in order to implement the embodiments of the subject
innovation(s). Furthermore, it can be appreciated that many
of the various components can be implemented on one or
more IC chips. For example, in one embodiment, a set of
components can be implemented 1n a single IC chip. In other
embodiments, one or more respective components are fab-
ricated or implemented on separate IC chips.

In connection with FIG. 21, the systems and processes
described below can be embodied within hardware, such as
a single integrated circuit (IC) chip, multiple ICs, an appli-
cation specific integrated circuit (ASIC), or the like. Further,
the order 1n which some or all of the process blocks appear
in each process should not be deemed limiting. Rather, 1t
should be understood that some of the process blocks can be
executed 1n a variety of orders, not all of which may be

explicitly illustrated herein.
With reference to FIG. 21, a suitable environment 2100

for implementing various aspects of the claimed subject
matter includes a computer 2102. The computer 2102
includes a processing unit 2104, a system memory 2106, a

codec 2135, and a system bus 2108. The system bus 2108
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couples system components including, but not limited to, the
system memory 2106 to the processing unit 2104. The
processing unmt 2104 can be any of various available pro-
cessors. Dual microprocessors and other multiprocessor
architectures also can be employed as the processing unit
2104.

The system bus 2108 can be any of several types of bus
structure(s) including the memory bus or memory controller,
a peripheral bus or external bus, or a local bus using any
variety of available bus architectures including, but not
limited to, Industrial Standard Architecture (ISA), Micro-
Channel Architecture (MSA), Extended ISA (EISA), Intel-
ligent Drive Electromics (IDE), VESA Local Bus (VLB),
Peripheral Component Interconnect (PCI), Card Bus, Uni-
versal Serial Bus (USB), Advanced Graphics Port (AGP),
Personal Computer Memory Card International Association
bus (PCMCIA), Firewire (IEEE 1394), and Small Computer
Systems Interface (SCSI).

The system memory 2106 includes volatile memory 2110
and non-volatile memory 2112, which can employ one or
more of the disclosed memory architectures, 1 various
embodiments. The basic input/output system (BIOS), con-
taining the basic routines to transfer mmformation between
clements within the computer 2102, such as during start-up,
1s stored 1n non-volatile memory 2112. In addition, accord-
ing to present imnnovations, codec 2135 may include at least
one of an encoder or decoder, wherein the at least one of an
encoder or decoder may consist of hardware, software, or a
combination of hardware and software. Although, codec
2135 1s depicted as a separate component, codec 2135 may
be contained within non-volatile memory 2112. By way of
illustration, and not limitation, non-volatile memory 2112
can include read only memory (ROM), programmable ROM
(PROM), electrically programmable ROM (EPROM), elec-
trically erasable programmable ROM (EEPROM), or Flash
memory. Non-volatile memory 2112 can employ one or
more of the disclosed memory devices, 1n at least some
embodiments. Moreover, non-volatile memory 2112 can be
computer memory (e.g., physically integrated with computer
2102 or a mainboard thereof), or removable memory.
Examples of suitable removable memory with which dis-
closed embodiments can be implemented can include a
secure digital (SD) card, a compact Flash (CF) card, a
universal serial bus (USB) memory stick, or the like. Volatile
memory 2110 includes random access memory (RAM),
which acts as external cache memory, and can also employ
one or more disclosed memory devices 1n various embodi-
ments. By way of 1llustration and not limitation, RAM 1s
available 1n many forms such as static RAM (SRAM),
dynamic RAM (DRAM), synchronous DRAM (SDRAM),
double data rate SDRAM (DDR SDRAM), and enhanced
SDRAM (ESDRAM) and so forth.

Computer 2102 may also include removable/non-remov-
able, volatile/non-volatile computer storage medium. FIG.
21 1llustrates, for example, disk storage 2114. Disk storage
2114 includes, but 1s not limited to, devices like a magnetic
disk drive, solid state disk (SSD) tloppy disk drive, tape
drive, Jaz drive, Zip drive, LS-100 drive, flash memory card,
or memory stick. In addition, disk storage 2114 can include
storage medium separately or in combination with other
storage medium including, but not limited to, an optical disk
drive such as a compact disk ROM device (CD-ROM), CD
recordable drive (CD-R Drive), CD rewritable drive (CD-
RW Drive) or a digital versatile disk ROM drive (DVD-
ROM). To facilitate connection of the disk storage devices
2114 to the system bus 2108, a removable or non-removable
interface 1s typically used, such as interface 2116. It is
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appreciated that storage devices 2114 can store information
related to a user. Such information might be stored at or
provided to a server or to an application running on a user
device. In one embodiment, the user can be notified (e.g., by
way ol output device(s) 2136) of the types of information
that are stored to disk storage 2114 or transmitted to the
server or application. The user can be provided the oppor-
tunity to opt-in or opt-out of having such information
collected or shared with the server or application (e.g., by
way ol mput from mput device(s) 2128).

It 1s to be appreciated that FIG. 21 describes software that
acts as an intermediary between users and the basic com-
puter resources described 1n the suitable operating environ-
ment 2100. Such software includes an operating system
2118. Operating system 2118, which can be stored on disk
storage 2114, acts to control and allocate resources of the
computer system 2102. Applications 2120 take advantage of
the management of resources by operating system 2118
through program modules 2124, and program data 2126,
such as the boot/shutdown transaction table and the like,
stored eirther 1n system memory 2106 or on disk storage
2114. It 1s to be appreciated that the claimed subject matter
can be implemented with various operating systems or
combinations ol operating systems.

A user enters commands or information into the computer
2102 through mput device(s) 2128. Input devices 2128
include, but are not limited to, a pointing device such as a
mouse, trackball, stylus, touch pad, keyboard, microphone,
joystick, game pad, satellite dish, scanner, TV tuner card,
digital camera, digital video camera, web camera, and the
like. These and other input devices connect to the processing
unit 2104 through the system bus 2108 via interface port(s)
2130. Interface port(s) 2130 include, for example, a serial
port, a parallel port, a game port, and a universal serial bus
(USB). Output device(s) 2136 use some of the same type of
ports as input device(s) 2128. Thus, for example, a USB port
may be used to provide mput to computer 2102 and to output
information from computer 2102 to an output device 2136.
Output adapter 2134 1s provided to illustrate that there are
some output devices 2136 like monitors, speakers, and
printers, among other output devices 2136, which require
special adapters. The output adapters 2134 include, by way
of 1llustration and not limitation, video and sound cards that
provide a means ol connection between the output device
2136 and the system bus 2108. It should be noted that other
devices or systems of devices provide both input and output
capabilities such as remote computer(s) 2138.

Computer 2102 can operate 1n a networked environment
using logical connections to one or more remote computers,
such as remote computer(s) 2138. The remote computer(s)
2138 can be a personal computer, a server, a router, a
network PC, a workstation, a microprocessor based appli-
ance, a peer device, a smart phone, a tablet, or other network
node, and typically includes many of the elements described
relative to computer 2102. For purposes of brevity, only a
memory storage device 2140 1s illustrated with remote
computer(s) 2138. Remote computer(s) 2138 1s logically
connected to computer 2102 through a network interface
2142 and then connected via communication connection(s)
2144. Network interface 2142 encompasses wire or wireless
communication networks such as local-area networks
(LAN) and wide-area networks (WAN) and cellular net-
works. LAN technologies include Fiber Distributed Data
Interface (FDDI), Copper Distributed Data Interface
(CDDI), Ethernet, Token Ring and the like. WAN technolo-
gies 1nclude, but are not limited to, point-to-point links,
circuit switching networks like Integrated Services Digital
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Networks (ISDN) and variations thereon, packet switching,
networks, and Digital Subscriber Lines (DSL).

Communication connection(s) 2144 refers to the hard-
ware/software employed to connect the network interface
2142 to the bus 2108. While communication connection
2144 1s shown for 1llustrative clarity mside computer 2102,
it can also be external to computer 2102. The hardware/
soltware necessary for connection to the network interface
2142 includes, for exemplary purposes only, internal and
external technologies such as, modems including regular
telephone grade modems, cable modems and DSL modems,
ISDN adapters, and wired and wireless Ethernet cards, hubs,
and routers.

As utilized herein, terms “component,” “system,” “archi-
tecture” and the like are intended to refer to a computer or
clectronic-related entity, either hardware, a combination of
hardware and soitware, software (e.g., in execution), or
firmware. For example, a component can be one or more
transistors, a memory cell, an arrangement of transistors or
memory cells, a gate array, a programmable gate array, an
application specific integrated circuit, a controller, a proces-
sor, a process running on the processor, an object, execut-
able, program or application accessing or interfacing with
semiconductor memory, a computer, or the like, or a suitable
combination thereof. The component can include erasable
programming (e.g., process instructions at least in part
stored 1n erasable memory) or hard programming (e.g.,
process 1nstructions burned into non-erasable memory at
manufacture).

By way of illustration, both a process executed from
memory and the processor can be a component. As another
example, an architecture can include an arrangement of
clectronic hardware (e.g., parallel or sernial transistors), pro-
cessing instructions and a processor, which implement the
processing instructions 1n a manner suitable to the arrange-
ment of electronic hardware. In addition, an architecture can
include a single component (e.g., a transistor, a gate
array, . . . ) or an arrangement of components (e.g., a series
or parallel arrangement of transistors, a gate array connected
with program circuitry, power leads, electrical ground, input
signal lines and output signal lines, and so on). A system can
include one or more components as well as one or more
architectures. One example system can include a switching
block architecture comprising crossed input/output lines and
pass gate transistors, as well as power source(s), signal
generator(s), communication bus(ses), controllers, I/O 1nter-
face, address registers, and so on. It 1s to be appreciated that
some overlap in definitions 1s anticipated, and an architec-
ture or a system can be a stand-alone component, or a
component of another architecture, system, etc.

In addition to the foregoing, the disclosed subject matter
can be implemented as a method, apparatus, or article of
manufacture using typical manufacturing, programming or
engineering techniques to produce hardware, firmware, sofit-
ware, or any suitable combination thereof to control an
clectronic device to implement the disclosed subject matter.
The terms “apparatus” and “article of manufacture” where
used herein are intended to encompass an electronic device,
a semiconductor device, a computer, or a computer program
accessible from any computer-readable device, carrier, or
media. Computer-readable media can include hardware
media, or software media. In addition, the media can include
non-transitory media, or transport media. In one example,
non-transitory media can include computer readable hard-
ware media. Specific examples of computer readable hard-
ware media can include but are not limited to magnetic
storage devices (e.g., hard disk, floppy disk, magnetic
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strips . . . ), optical disks (e.g., compact disk (CD), digital
versatile disk (DVD) . . . ), smart cards, and tlash memory
devices (e.g., card, stick, key drive . . . ). Computer-readable
transport media can include carrier waves, or the like. Of
course, those skilled 1n the art will recognize many modi-
fications can be made to this configuration without departing
from the scope or spirit of the disclosed subject matter.

What has been described above includes examples of the
subject innovation. It 1s, of course, not possible to describe
every concervable combination of components or method-
ologies for purposes of describing the subject innovation,
but one of ordinary skill in the art can recognize that many
further combinations and permutations of the subject 1nno-
vation are possible. Accordingly, the disclosed subject mat-
ter 1s intended to embrace all such alterations, modifications
and variations that fall within the spirit and scope of the
disclosure. Furthermore, to the extent that a term “includes”,
“including”, “has™ or “having” and varnants thereof 1s used
in either the detailed description or the claims, such term 1s
intended to be inclusive 1n a manner similar to the term
“comprising”’ as “comprising’ 1s interpreted when employed
as a transitional word 1n a claim.

In various embodiments, the voltages applied to the
memory device were illustrated to be linear. In other
embodiments, the voltages may be non-linear, step-type
functions, or the like.

Moreover, the word “exemplary” 1s used herein to mean
serving as an example, instance, or illustration. Any aspect
or design described herein as “exemplary” 1s not necessarily
to be construed as preferred or advantageous over other
aspects or designs. Rather, use of the word exemplary 1s
intended to present concepts 1n a concrete fashion. As used
in this application, the term “or” 1s mtended to mean an
inclusive “or” rather than an exclusive “or”. That 1s, unless
specified otherwise, or clear from context, “X employs A or
B” 1s intended to mean any of the natural inclusive permu-
tations. That 1s, 1T X employs A; X employs B; or X employs
both A and B, then “X employs A or B” 1s satisfied under any
of the foregoing instances. In addition, the articles “a” and
“an” as used i this application and the appended claims
should generally be construed to mean “one or more” unless
speciflied otherwise or clear from context to be directed to a
singular form.

Additionally, some portions of the detailed description
have been presented in terms ol algorithms or process
operations on data bits within electronic memory. These
process descriptions or representations are mechanisms
employed by those cognizant 1n the art to effectively convey
the substance of their work to others equally skilled. A
process 1s here, generally, conceived to be a self-consistent
sequence ol acts leading to a desired result. The acts are
those requiring physical manipulations of physical quanti-
ties. Typically, though not necessarily, these quantities take
the form of electrical or magnetic signals capable of being
stored, transiferred, combined, compared, and/or otherwise
mampulated.

It has proven convenient, principally for reasons of com-
mon usage, to refer to these signals as bits, values, elements,
symbols, characters, terms, numbers, or the like. It should be
borne 1n mind, however, that all of these and similar terms
are to be associated with the appropriate physical quantities
and are merely convenient labels applied to these quantities.
Unless specifically stated otherwise or apparent from the
foregoing discussion, 1t 1s appreciated that throughout the
disclosed subject matter, discussions utilizing terms such as
processing, computing, replicating, mimicking, determin-
ing, or transmitting, and the like, refer to the action and
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processes ol processing systems, and/or similar consumer or
industnal electronic devices or machines, that manipulate or
transform data or signals represented as physical (electrical
or electronic) quantities within the circuits, registers or
memories of the electronic device(s), mto other data or
signals similarly represented as physical quantities within
the machine or computer system memories or registers or
other such information storage, transmission and/or display
devices.

In regard to the various functions performed by the above
described components, architectures, circuits, processes and
the like, the terms (including a reference to a “means™) used
to describe such components are intended to correspond,
unless otherwise indicated, to any component which per-
forms the specified function of the described component
(e.g., a Tunctional equivalent), even though not structurally
equivalent to the disclosed structure, which performs the
function 1n the herein illustrated exemplary aspects of the
embodiments. In addition, while a particular feature may
have been disclosed with respect to only one of several
implementations, such feature may be combined with one or
more other features of the other implementations as may be
desired and advantageous for any given or particular appli-
cation. It will also be recognized that the embodiments
include a system as well as a computer-readable medium
having computer-executable instructions for performing the
acts and/or events of the various processes.

What 1s claimed 1s:

1. A method for fabricating a memory device, comprising:

providing a substrate for the memory device;

forming a transistor at least in part within the substrate

having a transistor gate;

forming a metal interconnect 1n electrical contact with the

transistor gate;

forming a volatile, two-terminal switching device com-

prising a first conductive terminal 1n electrical contact
with the metal interconnect, a volatile resistive-switch-
ing selector layer overlying the first conductive termi-
nal, and a second conductive terminal overlying the
volatile resistive-switching selector layer; and
forming a capacitor having a first terminal electrically
connected to the second conductive terminal of the
volatile, two-terminal switching device and a second
terminal configured to receive an input signal.

2. The method of claim 1, wherein forming the transistor
turther comprises:

forming a trench within the substrate having a depth and

a width, wherein the depth of the trench 1s greater than
the width of the trench;

forming the transistor gate at least 1n part within the trench

within the substrate and at least i part overlying the
trench within the substrate, the transistor gate having a
width substantially the same as the width of the trench.

3. The method of claim 2, further comprising forming an
insulating film overlying a surface of the substrate exposed
by the trench within the substrate, wherein the transistor gate
1s adjacent to the insulating film.

4. The method of claim 2, further comprising forming the
trench within the substrate with the depth greater than about
100 nanometers (nm) and with the width less than about 100
nm.

5. The method of claim 2, further comprising forming the
trench within the substrate with the depth no less than 200
nm, and with the width of about 55 nm or less.

6. The method of claim 1, wherein forming the capacitor
turther comprises:
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forming an insulator layer overlying the second conduc-
tive terminal of the volatile, two-terminal switching
device;

forming the second terminal overlying the insulator layer;

and

clectrically connecting the second terminal to an input

node associated with the mput signal.

7. The method of claim 1, further comprising forming the
first conductive terminal of the wvolatile, two-terminal
switching device from a member selected from a group
consisting of: TiN, TaN, Cu, Al, Ag and an alloy of the
foregoing.

8. The method of claim 1, further comprising forming the
second conductive terminal of the volatile, two-terminal
switching device from a member selected from a group
consisting of: TiN, TaN, Cu, Al, Ag and an alloy of the
foregoing.

9. The method of claim 1, further comprising forming the
volatile, resistive-switching selector layer to have few par-
ticle trapping voids or defects, and utilizing a material
selected from a group consisting of: undoped amorphous Si,
a semiconductor having intrinsic characteristics, a S1 sub-
oxide, a non stoichiometric S1 bearing material and a non-
stoichiometric metal oxide.

10. The method of claim 1, further comprising forming a
second transistor at least in part within the substrate and
having a second channel region connected 1n series with a
first channel region of the transistor, forming a gate for the
second transistor, and connecting the gate to a second signal
input.

11. A memory device comprising;:

a transistor formed at least 1n part within a dielectric layer

or substrate of the memory device, the transistor having
a gate with a width less than about 100 nanometers
(m);

a volatile selector device comprising a first metal contact,
a volatile switching layer and a second metal contact,
wherein the first metal contact 1s 1n electrical contact
with the gate of the transistor; and

a capacitor structure having a first terminal 1n electrical

contact with the second metal contact of the volatile
selector device and a second terminal 1n electrical
contact with a signal 1input.

12. The memory device of claim 11, wherein the volatile
selector device comprises a high resistance state and a low
resistance state, and wherein a ratio of the high resistance
state compared to the low resistance state 1s within a range
of about 1x107:1 to about 1x10"":1.

13. The memory device of claim 11, further comprising at
least one additional transistor coupled to the source or the
drain of the transistor, wherein the one additional transistor
1s configured to electrically couple or electrically decouple
the memory device from a sensing circuit.

14. The memory device of claim 11, wherein the transistor
1s a deep trench transistor.

15. The memory device of claam 14, wherein the deep
trench transistor comprises a trench that removes substrate
material from the substrate, and a gate material filling at
least a part of the trench and at least i part overlying the
substrate.

16. The memory device of claim 15, wherein the deep
trench transistor further comprises an electrical nsulating
film overlying an exposed surface of the substrate exposed
by the trench.

17. The memory device of claim 14, wherein the deep
trench transistor comprises a p-well that 1s about 55 nm 1n
width, and wherein the gate 1s substantially 55 nm 1n wadth.
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18. The memory device of claim 14, wherein the deep
trench transistor has a depth of about 200 nm.
19. The memory device of claim 14, wherein the deep

trench transistor has an aspect ratio of depth to width of
about 4 to about 1. 5

20. The memory device of claim 14, further comprising;:
a first insulating spacer overlying the substrate and adja-

cent to a first lateral surface of the gate; and
a second insulating spacer overlying the substrate and
adjacent to a second lateral surface of the gate. 10
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